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THE  lOIi  ROCKET 


-  Hungary  - 


rrollc:.-lnj  Li  the  trruiclatlcni  of  an  article  by  ^mo 
”a-'  In  "z'-j.lo  (R^^sies  r^vleu),  Vol  XI,  No 

.-olaicot,  I'-l,  >!-• . 


1;  Oorte  Introductory  RorarUs. 

Ik-'-n  tlic  pi^i’clcisto  and  onslnocrs  who  d-al  with  cannon 
rochet  'ir^inco  ard  ti.e  i-rofossor  who  teaches  Uie  principles  of 
rocket  notion  alv's^'s  c:icount3r  the  problens  pertaining  to 
ferent  -anil  xjztc-^^z,  Hu'rc  are  fev  areas  In  i-.odem  physics  and 
toclmlcc  -.Lcre  the  cenfusien  around  tha  units  of  mass  and  force 
(velc^.t)  areas  sl^Tilf leant  as  In  the  field  of  rocket  engines.  It 
Is  not  ulthout  reason  that  a  -rest  nvantcr  of  rocket  toclinio Ians 
calculate  constantly  with  specific  Impulses  (In  or  Iep)t 
by  cmplojli'bl  tliese  cliaractoristic  quantities,  uhe  unl^  of  wel^t 
ardi  not  those  of  laass  niOy  be  used  In  tlie  basic  equation  of  rocket 

l*i*0tjb04*#  .  .  .  . 

7iio  vcllp-iaio^m  uaclo  eq\iation  of  rocket  motion  Is 
P  a  dt  * 

•dnere  P  is  t:\o  thrust  (reaction  force).  l=dn/dt  is  mass  consump- 
*‘^on  -e-  'ocend  (tiic  mass  of  the  propellant  thrueted  out  in  unit 
tLo)‘ai;d  ;;  Is  the  (relative)  velocity  of  dlscharglns  this  mass. 

L,*  laiowlnd  t::at  m  «=  3/g  (the  mass  is  tlio  quotient  of  tte 
weljht  rxd  t:;o  ^ravlta-icnal  acceleration),  the  fomer  equation 
may'be  ’Tlttcn  in  the  follcndne  fom.; 


P  =»  W  .  IL. 


r*  T 


3.iy  Code 


Avtiil  d'lO/or 
Se'OCidl 


□  □ 


•..Lcre  sl^'czCz'  -.c  loss  of  i^or  second  (tlie  wsl-h-t  of  P^ope^ 

Isnt  dlcchorjtd  In  'snit  tiz.o) ,  ic  involved.  Cn  the  other  hand,  the 
cue '-Lent  -  represents  the  specific  Ir.pulse  Ii  laentioned  previous¬ 
ly.  T:.ss*cI;-  U.e  i.;troducticn  of  tl;o  opcctflc  Impulse  succeeds  in 
relatii.^  tl.o  equation  of  the  Unjust  to  the  weight  of  the  pro^lltot. 

r*.e  qu'-stioc,  '..tv  a  c-J.cul-tlon  i-.-itli  propellant  weight  and 
not  tl-c  nass  is  uorc  praotical  arises  froquentli'.  This  question 
Is  ccnsl'’;rod  to  he  even  ncrc  justified,  since  in  above  ef^Uoo 
Ihc  special  carf.-lovel  value  of  g  eppears,  'Alle  the  mass  unre¬ 
lated  to  the  gravitational  acceleration  maj'  be  considered  as  in¬ 
variant  quantlt: .  .u  *4 

Tven  if  tiic  crl^,lnatcr5  of  above  objections  are  theoreti¬ 
cally'  rigl:t,  '--e  la*.’c  to  ta!:e  into  consideration  that  today 
prcsunably  alua;-s  ii\  desicninc  space  re  searching  equipcient)  toe 
designer,  cspcciall:-  the  deslipacr  of  the  carrier  *^cket,  is  in¬ 
terested  not  in  the  masses,  but  in  the  weights  to  be  11. tod  frm 
the  earth  and  to  be  orbited  on  a  given  course.  In  the  coarse  of 
final  calculations  have  to  return  in  every  case  to  the  weight 
and  toe  force;  therefore.  It  is  practical  to  modify  in  advance  the 
ejipresclons  derived  from  tho  d3xaaics  of  a  point  of  changl^  mass 
so  tha*  in  theee  possibly  cors:istent  systems  the  weight  and  not 
‘the  arss  is  ii'.volvcd.  h’e  should  repeat  that  this  is  a  re^irc- 
nent  of  ^/ractlcal  '.rort:,  but  it  is  by  all  aeai;s  rational,  for  it 
cases  the  clarification  of  the  relaUcnshipo  and  eliminates 
the  source  of  error  in  cor4version.  _ 

This  is  all  the  mors  necessary  since,  when  taming  fr<a 
the  Licchnjjics  of  ccrr.on  chemical  rockets  to  the  elsctrloally  acce^ 
crating  pmpelling  cy’st3»'.s,  the  problems  related  to  measorlng  units 
vdll  be  nultipllcd;  this,  on  the  other  hand,  introduces  into  toe  ^ 
calculctions  constants  of  the  most  diverse  and  frequently  tho  most 
unusual  foivi. 

In  too  follo\.ing  discussion,  we  can  net  arrive  at  toe  Ideal 
situation,  h’l.at  'wc  cen  do  is  to  show  in  ever;'  case  the  modlfl- 
catlcns  in  toe  conversion  of  COS  and  technical  unit  syst«s  from 
each  otoer.  and  thus  Illustrate  with  practical  probletas  how  mw 
labyrtotl.s  and  sources  of  error  toere  are  in  dealing  with  different 
ml::cd-'.'nlt  systems. 

2)  "nie  Crisis  of  tlie  Classical  Rocket  , 


®Gfore  elaborating  in  detail  on  toe  topic  of  our  study, 
ve  ha'/e  to  ans'.ier  one  other  question;  why  do  we  need  these,  pro- 
pelliiv:  systems,  »dilch  appear  today  as  still  exotic? 

’.'e  must  state  catogodbally  that  these  propelling  mecha¬ 
nisms  are  not  suitable,  for  solving  the  problems  of  present  space 
research,  'i'.-erytliir^c:  that  is  being  realized  in  the  space  around 
our” earth  and  in  the  neighborhood  of  the  planets  of  our  solar 


\ 

V 


I  syeton  and  that  whlclj  cane  to  reillzcition  in  ttio  i'ollci.lii,; 

years  will  still  remain  ’/riLthin  the  possitilltln-'.  of  the  chenical 
rockets  I  furthermore,  the  chemical  rockets  oven  provide  a  bettor 
solution  than  aixy  other  more  advanced  propelling  mechanism, 

V/e  shall  not  disregard  the  fact,  however,  tJiat  presen tl^r  — 
,  and  probably  during  the  decade  of  the  1960*3  —  we  have  and  will 
I  arrive  at  onl^^  tlie  beginning  of  the  introductory  chapter  of 
apace  iressarchj  the  already-realized  achievements,  though  magni- 
'  flcent,  and  the  outlined  problems  of  near  future,  though  inspir¬ 
ing,  do  hot  yet  represent  real  astronautics,  literally,  space 
travel.  These  are  merely  minor  sclf'ntifio  oxplcratorj'  ventures, 
the  magnificent  results  of  x/hlch  will  serve  as  a  foun^tlcn  for 
yet  more  magnificent  aohievoments  in  the  future. 

In  the  present  and  future  tacks  of  space  research,  the 
astronomers  heve  only  a  secondary  role,  at  least  in  the  long-term 
planning  of  Uic  ventures.  However,  at  th-^  monent,  when  we  wish 
to  arrive  safely  through  space  to  the  moon  and  the  two  neigh¬ 
boring  planets  —  in  our  view  this  is  the  vorj’’  basic  problem  of 
the  space  research  of  tills  century  —  astronomy  will  not  be  theo¬ 
retical  anitnorc,  but  will  be  converted  Into  a  considerably  prac¬ 
tical  solenor,  almost  astrotechnlcs,  and  the  coooerat3on  on  the 
part  of  astronomers  ud.!!  need  to  be  much  more  basic  (and  flexible) 
than  that  of  present  time, 

Aa  much  as  we  car.  sen  from  previous  investigations,  it  will 
be  charaotarlstlo  for  future  tasks  of  a  really  astronautical  cha¬ 
racter  that  a  new  component  ulll  bear  much  more  significance 
than  it  doaa  at  the  present:  namely,  the  useful  constellation, 

•  that  is,  the  mutual  space  position  of  a  home  plan''!  (the  earth) 
and  a  destination  planet  (o.g,  Venus,  Moon,  V*ars).  It  is  also 
obvious  from  the  studies  that  exploratory'’  spac'*  vent’ireu  can  be 
achieved  only  at  the  cost  of  onorr.oas  thae  losses,  at  least  for 
the  time  being,  while  wc  aim  at  solutions  of  minimum  energy. 

The  starting  sohedulu  of  th-'  space  vehicles  will  also  be  in¬ 
fluenced  by  what  wo  want  to  r.ea^ur'’  and  whether  we  want  to  place 
the  perlgcum  point  of  the  course  for  c  longer  period  on  the  seml- 
^  globe  \Ath  day  time,  or  on  the  semiglobe  w-lth  night  time,  ’./Ith 
regard  to  the  previously  mentioned  space  con-  tellation,  when  start¬ 
ing  a  moon  rocket,  the  period  within  which  th®  success  of  the 
start  has  any  chance  will  decrease  to  approxtriately  a  quarter 
of  an  hour,  Even  in  case  of  an  earth- to-moon  trip,  It  might  be 
necessargy'  to  wait  for  a  few  hours  or  days,  especially  if  we  are 
restricted  fran  the  vla::polnt  of  the  starting  place,  the  time 
of  starting  and  arrival,  or  f.o,  illiualnation  circumstances. 

This  is  valid  to  an  Increased  extent  for  a  Mars  or  Venus  expe¬ 
dition,  In  this  case,  only  a  few  days  of  the  year  are  s’uitable 
for  s’tartingi  after  arriving  at  the  destination  planet  there  is 
a  longer  waiting  period  needed  for  the  spnee  ship  to  r^ach  again 


the  favorable  oonatollntlon  required  for  return, 

V/e  might  3tate  that  in  real  r.pace  travel  thoae  time  loacor 
will  detortaine  the  feasible  or  unfcacible  charact^'r  of  the  whole 
venture.  This  moona  that  je  have  to  alter  our  ideas  on  tine; 
thus,  in  light  of  the  mutual  relationship  between  the  course  to 
to  traveled  .and  the  tLmo,  our  design  concepts  relating  to  voloclty 
and  consequently  to  aoooleration  are  to  te  considered  dlff''ront- 
ly,  tlian  those  .70  have  been  accustmrd  to  during  pre/lous  spec' 
experinentlng. 

This  ;rfll  res’ult  primarily’  in  choosirif;  th''  scale  of  the 
naxinu;-!  and  praotical  accelerations  differently  than  that  of 
forT'iCi'  exporijnants.  It  is  worthwhile  to  mention  that  -a;',  astro- 
r.autic  cai’ricr.  rocket  starts  generally  with  an  acceloration  of 
a  “  1,1-2  ;]i  then,  the  aocaloratlori  suddenly  lnorcas''s  due  to  the 
consumption  of  the  propellant.  Cup  os ing  a  tis:  ratio  t:l  be¬ 
tween  initial  and  filial  masses  of  a  giv-'n  rocket  stage,  th'U'.  — 
assuming  constant  thrust  for  the  I’ocket  engine  --  the  final 
acceloration  would  be  six  tines  th-  initial  on’'.  Therefore,  it 
Is  not  surprising  tiiat  present  day  astronautlcal  carrier  rocl.o's 
have  a  final  acceloration  of  in  the-  first  .-tage  ana  JCJrO  g 

in  the  final  stage,  T!ie  latter  facts  are  to  br  specially  con¬ 
sidered  uiien  wc  are  oonconu'd  with  manned  rockets  or  satellites. 

Wo  shall  not  forget  that  in  the  case  of  present  day  rochets 
the  entire  acceleration  perlai  lasts  for  a  few  minutes  at  the 
mostj  tills  is  follovod  by  flight  on  a  gravitational  trajectory. 
This  solution  suits  tiie  c-ndaavors  and  condltiouj  aimed  at  minimum 
energy'. 

However,  at  tho  moment,  when  tlio  space  travelers  have 
ample  tlr.ia  to  achieve  acceleration  (in  case  of  a  real  space- 
exploring  venture),  tho  former  statements  are  not  valid  any 
niore  and  tho  value  of  allowable  and  practical  accelerailon  can 
and  shall  be  selected  in  an  entire  different  manner. 

% 

T-ble  1 

Final  veloolti.v  versus  acceleration  and  iccoleratlng 

tL-ne 


Vp  =  f  (t,a)  Icii/s 

Time  '  10  n/s'-  1  m/t/-  C',1  m/o*-  (^,61  m/s^ 

t  -wg  ^c.ig  /  -.0,001  g 


1  day 

1  week  6,000  6OC 
1  month  26,000  2,600 
1  yoar  c  30,000 


3,C0Q 


26 

30c 


,r7s^ 

--0,C0C1  g 

c7c5^ 

C.6 

2.6 

30 


4 
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Wo  have  given  the  final  velocities  Vy  (in  l-^c/scc)  in  Table  1 
which,  depending  on  the  acceleration,  will  be  reached  at  tho  ond 
'  of  the  Indicated  acoolorating  period,  As  it  la  shown,  in  case  of 
an  acceleration  of  1  g  and  an  accleratlng  tiine  of  one  year,  even 
:  the  velocity  of  light  could  be  reached  theoretically.  If  rclativ- 
I  Istlo  rela Llonohips  are  neglected,  Wc  will  not  need  this,  ho'rf=: 
ever,  for  a  long  time, 

I  Until  we  are  engaged  In  tasks  of  an  astronautlc  character 

as  mentioned  before,  thero  will  not  bo  neccesary  a  total  velocity 
Increase  bigger  than  ♦v-30  60  km/seo,  which  would  meet  the 

requirements  for  reaching  the  escape  veolocity,  establishing  a 
stable  circular  orbit  around  the  destination  planet,  porfonnlng 
occasional  landings  and  take-offs,  and  furthermore,  returning 
Into  the  atmosphere  of  the  earth.  ^  means  of  Table  1  the  mag¬ 
nitude  of  effective  aocoloratlons  to  be  applied  according  to  the 
,  allowable  aocoloratln/:  tine  may  be  detennined.  This  Is  shown  In 
Table  2,  where  wc  have  sumnarlaod  the  accelerating  times  for  a 
I  total  velocity  Increase  of  av  «30  lan/sec  (that  Is,  for  the 
I  case  of  a  Moon  expedition  with  one  landing  or  a  Mars  expedition 
without  landing). 


'!ible  2 

Accelerating  tlaes  pertaining  to  total  velocity 

Increase 

a  "  ■  3C  km/sec. 


,  Acceleration,  a 

J 

»  ■  -  _  —  -  - - 

,  - 

•  C.l  g 

0.01  g 
0.001  g 
0.0001  g 


Accelerating  time 

few  minutes,  for  special  purposes,  e.g, 
starting,  returning 

few  hours 

few  daj's 

one  month 

one  year 


Wo  can  see  that  inasmuch  as  accelerating  times  with  an 
order  of  magTiitudo  of  a  month  and  a  >ear  are  allowod,  the  value 
of  tlio  effective  acceleration  does  not  need  t*'  more  than  one 
thousandth  and  one  ten- thousandth  g,  respectively,  nils  fact 
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puta  the  n^u  olectri-;  pi'Oi'v*?,J_ln;:  ..loch.ir i:.  rj,  ir  '..j 
I  fereiit  light  and  oalls  attention  to  the  fact  that  we  can  and 
I  must  oaloulato  vdth  tliruat  to  aiaae  and  thrust  to  weight  ratios, 
whollj'  different  to  those  we  have  been  aocuetumed  to  with  our 
present  day  rockets, 

V,'(  mOj’  tallT  about  the  crisl..  of  the  chonlcal  rocket,  where¬ 
as  Isp  ■/+00  800  (»kpsec/kp)  is  the  practical  upper  limit  which 
may  over  bo  reached  by  means  of  not  the  present  day,  but  the  con¬ 
tingently  best  future  rocket  fuels.  We  cannot  expect  an  energy 
liberation  of  more  than  appro:cinately  H  kcal/g  from  chemical  re¬ 
actions,  In  this  fisld  only  the  Introduction  of  so-called  free 
radicals  (e,g,,  use  of  atomic  h3rdro2en)  could  bring  some  impro’.-e- 
j  ment,  but  for  the  time  being,  sounding  experiments  only  are  being 
done  in  order  to  solve  the  stabilization  of  the  extraordinarily 
'  active  free  radicals  (e.g.,  by  moans  of  deep  cooling), 

Tlie  question  of  usln,:  atonic  ener-:y  also  arises.  The  ato¬ 
mic  reaotcr  or  any  othar  type  of  U;e  ccntrollcd  nuclear  reactions 
represent  unlimited  heat  scurcos. 

The  main  difficulty  aidsee  from  the  fact  that  the  propel¬ 
ling  substance  itself,  the  propellant,  tliat  is,  the  gas  or  steam 
discharged  by  the  rocket  engine,  Ir  simply  unable  to  pick  up 
ener.gy  of  nora  than  a  certain  quantity,  Ey  increasing  the  quan¬ 
tity  of  tho  introduced  enorg;',  Uje  translational,  rotational 
and  '/ibraticnal  energ:'  levels  beccne  ,;raduallj’  saturated;  first 
dlsooclntlon,  later  ionization  occur,  /fter  reaching  this  limit 
condition,  the  substance  is  practically  not  only  incapable  of 
pbking  up  icoro  energy,  but  every  state  change  results  in  more 
or  less  of  an  energi'  loss.  After  arriving  at  a  state  conplelely 
ionized,  the  substance  is  Incapable  of  takii.g  on  more  h^at  ener¬ 
gy;  thus,  it  is  in  vain  to  try  lntroducir*g  newer  energy  quanti¬ 
ties,  since  Uje  value  of  the  dlsctarge  velocity  w  and  the  speci¬ 
fic  Ir'p’jlse  Ipp  respectively  cannot  be  increased.  At  this  iimit 
condltl«i  the  thermal  rocket  oocora''s  "choked  up"  as  a  driving  en¬ 
gine  and  is  unable  to  provide  exce  ,r  power  for  further  accelera¬ 
tion . 

•  -ince  during  this  process  tiie  substance  bccamo  ionized, 

it  appears  to  be  an  obvious  solu*icn  Ibat  v/t  loo''  for  sor.e  sort 
of  electrical  acceleration  instead  of  Increaslr. :  the  tenpora- 
ture  (that  is,  inoreasin,;  specific  heat  energy)  in  order  to  scco- 
lorate  th''  propy^lLant,  'iodem  alor.lc  physics  has  porfecied  those 
accelerations  actliOls  to  a  large  extent;  '..e  may  f^nd  a  particle 
accelerator  even  In  television  tub'  s. 

The  above  concepts  load  Icjically  ‘o  various  types  of 
electrical  drive,  suoh  as  tbo  ion  rcc!;el 
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3)  Tlic  CtracturL  of  tho  loi,  ?.ockot, 

The  Structure  of  an  ion  rocket  eni'lne  Is  shown  In  Fljjure  1. 
The  sultably-E  elec  ted  propellant  arrives  from  the  propellant  tanl'. 
through  the  feeding  cystom  at  tho  Ion  generator  \d.th  a  prociscly  - 
detennined  poi.'or.  From  the  ion  generator,  the  ions  enter  tne 
ion  accelerating  chamber  (tho  actual  ion  rocket  engine),  from 
where  Uioy  are  discharged,  accelerated  in  the  form  of  a  high- 
voloolty  ion  stream.  The  reaction  force  produced  by  the  dis¬ 
charged  ion  stream  provides  for  the  thrust.  At  tho  sane  time, 
electrons  are  also  liberated  in  the  Ion  generator. 

There  is  a  proper  energy  source  (o.g.  an  atomic  reactor) 
necessary  to  feed  the  entire  engine,  and  sane  sort  of  themc»e- 
chanical  energy-converting  apparatus  (e.g.  a  steam  or  gas  turbine) 
to  transform  .the  heat  of  the  energy  source  into  power  driving 
the  electrical  generator.  This  generator  uses  up  excessive 
electrons  from  the  ion  generator  and  feeds  them  into  the  elec¬ 
tron  accelerating  chamber,  from  vrtiere  they  are  discharged,  acce¬ 
lerated  in  fom  of  an  electron  stream  supplying  part  of  the  thrust. 
It  shall  be  also  noted  that  significant  heat  losses,  unavoidable 
in  turbines,  occur;  they  are  to  be  dissipated  by  adequate  cooling 
equipment.  The  tndlspensabley  Important  part  of  an  ion  rocket 
engine  is  the  chamber  accelerating  and  discharging  the  electrons, 
lacking  this  charaber,  tho  apparatus,  permanently  loosing  posi¬ 
tive  ions,  would  soon  become  negatively  charged  to  such  an  extent 
that  its  farther  operation  vrould  be  Impossible  duo  to  polarization 
effects;  the  ion  rocket  engine  would  break  down.  It  is,  there¬ 
fore,  Important  that  the  electrically  neutral  state  of  the  whole 
rocket  engine  and  thereby  the  rocket  itself  bs  preserved 'and 
contlnousli’’  re-established. 

It  1b  not  the  purpose  of  our  study,  to  review  all  tho  tech¬ 
nical  problems  related  to  ion  rocket  engines.  Therefore,  here 
we  deal  merel;  with  aspects  which  are  primarily  physical,  and 
do  not  examine  purely  technical  problems  pertaining  to  f.e. 

,  electrical  energy  source,  ooollng,  etc. 


Skeiflh  of  tho  Straeturo  of  a  Typioal 

I«]i  Ki$ekBi(  XnglJiw* 


Ion  StrMK 


SLootroB 

StrMua 


1)  Propollant  Storago 

2)  PropoUnnt  F««d«r 

3)  'Ion  Qonorntor  (Anodo) 

4)  Ion  Accelerator 

5)  Energy  Source 

6)  Ther»o-Meohanical  Comrerter 

7)  ELeotrical  Generator 
8;  Electron  Accelerator 


i 

I 


Ion  Cbanber 

_ i  _ _ 


Electron  Chaab^r 

_ I  - - - 


T 


Ion  Chanber 

_ I  - 


Electron  Cbaaber 
_ I  - 


Figure  2. 


'  Two  basla  types  of  ion  rocket  engines* 
Abore  is  the  series  cennectiont  belowt 
i  the  parallel-connected  systaa. 
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4)  Baoio  Squatlons  of  tha  Ion  Rocket  Sn^ino 

For  an  evaluation  of  anj’’  Jet  propulsion  en^.lne,  that  Is, 
a  reaction  engine  operating  on  the  loss  of  materials  discharged 
In  the  dlreotion  opposite  to  that  of  movement,  the  thrust  Is  the 
most  Important  character Istlc.  If  the  propellant  utilized  in 
the  engine  Is  on  the  "vehlolo"  itself,  then  in  accordance  with 
IIowton*3  second  and  third  lavrs  the  equation  of  tho  thrust  Is  as 
follows I 


Ma  ■  P  (3) 

where  P  is  tho  thrust  (in  dyns),  is  the  mass  of  the  apparatus  , 

(gran),  a  is  the  accoloratlon  of  the  vehicle  (cm/sec2),  n^  is 
the  number  discharged  particles  por  second,  wi  Is  the  rela- 
I  tlve  velocity  of  the  particlos  re  "urred  to  the  vehicle  (cm/ sec),  i 
and  mi  is  the  mass  of  the  partlrlas  (gran). 

Ihn  q^oantities  of  equation  (3),  tliat  Is,  the  value  of  ni, 
mi  and  depend  upon  the  selected  propellant  and  the  accele-  i 

■  rating  apparatus  of  the  engine,  i 

The  simplest  conception  of  the  Ion  is  to  consider  it  > 

as  an  atem  with  its  electron  shell  deprived  of  one  or  more  elc-  | 

,  trons.  In  this  case,  the  positive  charge  of  the  nucleus  prevails 
•  and  determined  the  electrical  behavior  of  the  vhole  particle, 
i  For  the  sake  of  ulnpliolty,  vre  consider  in  our  study  only  single-  j 

'  ionized  substarcej  thus,  we  asume  that  the  atom  has  lost  only  ' 

one  electron*  This  assumption  is  in  accordance  with  the  line 
foLlo^red  in  present  day  experiments  (cesium-ion  rocket),  but  not 
necessarily  acceptable  for  the  propellant  to  be  used  in  future  1 . 

Ion  I'ockot  engines,  i 

If  we  are  after  the  ion  mass  of  a  substance  with  atomic  I 

weight  A,  this  can  be  readily  determine-’  kno-.jing  the  Avoga-  i 

dro  number  and  the  atomic  weight  (atomic  mass  number),  since  the 
Avogadro  nunbor  renders  tho  n’im.ber  of  particles  in  one  grar.-atora 
«  or  gx*an-raoleculo  of  the  substance,  respectively,  Tlius,  the  maos  ; 
of  one  ion  of  the  propellant  with  an  atomic  vrelght  A  is 


ni  * 


L02h^  , 


“  * 


(4) 


By  means  of  equations  (3)  and  (4)  tho  thrust  of  tho  Ion  rocket 
engine  may  be  expresjod 


A  .  ni  .  wi 

6.om  .  io25 


+  me  (no.we-n^.wi). 


i 


i 


;;l.orc!  cv.C  .i~  u’X.-.lcri  c-r  M-iO  ic;;:.  and  tho  electrons  per 
rgy^^r./  ,  T c23  Lz  tbc  5C-callc5  A.^'oes-dro 

.  j(..  x>,.  '^^r 2-*'r0'i 

♦  •uJi.LCi  I  •.'»  .^>.w.  «4*U»40  -.4.  v^^V-  W  ^-'4i  ^y#-.V'--  #  — O^f  ^ 

:nid  .•.-.  r.i’i  t!:e  •rclccitios  of  the  lone  a:id  the  electrons,  ro- 
specti/  l;.'  (c’/c''c\ 

llf.'xujh  the  clcctricr.l  cho!\,G  cf  the  particles  die- 
char'",.^  fron  the  ion  rcchct,  tho.t  Is.  the  charge  loss  of  Uie  appa¬ 
ratus  per  vjiit  of  il.o,  inflaencos  the  clectrodpT*ar;ic  behavior 
of  the  '..hclo  rochet  (duo  to  li-.duC'ad  char'jsc  on  metal  surfaces 
and  suheequent  ’loctrical  repulsive  forces  of  various  kind), 
this  problo:;  v.ill  not  ic  de:lt  uith  hc-o,  though  t}ie  more  accurate 
oadculation  of  the  ccrrecticn  requl^-i-jcrits  resulting  from  such 
socondci’j’  effects  rould  ui^doubtediy  be  interesting  in  the  future. 

If  ’.:o  tahe,  houever,  rntp  oensideration  the  fact  that 
the  election  mass  is  nejligibly  small  as  ccrapared  with  that  of 
the  icn,  end  tint  it,  therefore,  is  entrer.el^^  unlil:el:/'  (even 
tec’uiicolly  i;,ipractice.l)  to  increase  the  velocity  of  the  electrons 
in  order  to  increase  the  thrust,  theix  the  following  simpler  for¬ 
mula  :eai’  be  obtained  for  tl'ic  thrust  of  the  ion  rocket: 


r  s: 


••  .• 


6,C2i;e',  1013 


d:T^. 


(6) 


rnc  nimiccr  of  particles  is  ob'/iously  linearly  proportional 
w-itli  tlac  electrical  current,  since 


ii 


r*. 


4 

•  •- 


0 


=  C.2t6.1C^^  .  i. 


(7) 


:/hcro  e  is  the  ciiarg'='  of  an  electron,  that  is,  ^<.8029  .  109  elec- 
trcstatic  vrJ.tc,  and  i  is  the  current,  Tiie  above  equation  does 
r.ct  con'rrin  a,ny  mors  the  coefficient  f.loS*  (more  accurately. 


1C3)/ which  is  necessary  in  order  to  convert  the  cur- 


rent  i  ^ivsn  in  aa.peres  frer.  technical  units  into  CGSE  units ► 

"ne  vslccity  cf  the  discharged  particles  results  from 
the  chaiigc  in  kinetic  energy;  this  kinetic  energy  increase  is  the 
effect  cf  the  electrostatic  field. 

If  we  assieie  that  the  particles  started  from  rest,  xjith 
zero  Ir.itisl  velocity,  their  kinetic  energy  is  given  by  follow¬ 
ing  formula:  ’  •  ■ 


'n  * 


i  •  -'t  J 


^r 


300 


(8) 


hcr.c:-,  wc  may  e;:presc’the  discharge  velocity 


10 


jii}"  ' 


wi 


f 


150 


cri/ sec, 


(9) 


vjhere  V  Is  the  potential  difference  acooloratlng  the  particles, 
is  the  mass  of  the  ion,  and  faet6r  300  is  again  the  conversion 
factor  between  CCSS  and  the  practical  unit  systems. 

By  substitutlnc  the  explicit  term  for  the  ion  mass  into 
former  expression,  the  followin.;’  formula  is  given  for  the  dlscharco 
velocity  of  the  ions: 


Wj_  «  1.389  .  106 


JL 

A 


cn/sec 


(10) 


In  order  to  verify  that  negloctins  the  mass  and  velocity 
of  the  electrons  does  not  affect  the  dynamic  relationship  of  the 
ion  rocket  engine,  let  us  mention  here  that  the  discharge  velo¬ 
city  of  an  ion  witn  ^ts'  mass  decreased  by  the  mass  of  an  electron 
nay  be  given  as  follows: 


1.389  .  10 


f-. 


i  -  sCT 
'^rr53ri 


(11) 


where  the  quantity  under  square  root  in  the  nominator  is  3^stl- 
fied  to  be  taken  as  one.  Thus  we  arrived  at  fomdla  (10). 

The  discharge  velocity  of  the  electrons  is  given  by  the 
follovrlng  formula  j 


Wg  -  5.952  .  107  cm/sec. 


(12) 


1  Finally,  the  thrust  expressed  in  the  values  of  the  acce¬ 

lerating  potential  and  the  current  can  be  written  as  follows: 


P  -  14.39  .  ii  ^  dyn,  (13) 

where  we  may  again  neglect  the  effect  of  electrons  on  the  thiaist. 
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Ac  z  aatter  of  fact,  the  small  thrjct  cf  tris 

cloctron  tc  ar;  ■uiiavoif’aVIc  lurd-sn"  ncad  in  erdor  to 

maiataiii  the  elcctricsll;'  neutral  rendition. 

In  practice,  it  ic  necessary  to  hare  a  fcssitly  ecjur.! 
number  of  pccitivc  ?r.d  r.C'-^ative  ehar^sc  dicchirjed  in  unit  tl.e. 
Tnic  condition  is  o^juivalont  to  having  the  sar.o  current 
in  loth  the  ion  accsloratinj  and  the  electrcn  aecelerstin:;  cli:mb! 
In  this  cree  aloe  the  rrtic  cf  ^Lq  vclto^es  can  le  dctsn'.insd. 


•nW  ^  W  •  •  * 


rT>V  4 

c  tr 

r.lue  shall  he  precisely  cs 

tabli 

.-1 

hen 

deter.:;: 

Wi4' 

c  potrer 

of  the  prcp^rllfx,.^  stream. 

<•*  n 

,ce 

this  stud.'/  presuii-co  ideal 

eendi 

tions. 

• 

4»«* 

our  di 

cus 

oiC! 

-% 

,•  444 

.0  z 

i.sr^-  rsquironoiit  is  nsent 

tc  1 

e  the 

net 

peuer  , 

quiruu 

.  .% 
'•^4i  V 

•  v  * 

oh  is  to  ts  introduced  Int 

0  the 

a  ac 

celer- 

ati 

»« 

wliw.i 

her 

zi  this  po:.'cr  is  net  iUent 

ical 

^  w  « 

.  14 

•«  U.  M 

•h  the 

put 

po 

.  ‘*'V* 

4»  ^  4 

of 

the  elsctrical  apparatus. 

accelerating  cha:;;bor3) . 

Tne  net  acceleratiii^  pc:xr  of  tx;'j  lor.  stream  dlacharsed 
fra;,  the  c’n.-ju.ilcrs  of  the-  Ion  rochet  anjic^e  Is  as  folio:. o: 

!  .  a:: 

xhorQ  the  first  tertu  ijivos  the  po;v-i’  of  the  ion  current  and  trr 
ceconu  torm  :;;iv-ss  that  of  the  electron  current.  The  tjueiticn 


.i*v  .  av,;  .  utto.  ^ 

iij^'  upon  :;nat  vloctrical  ccnnacticn  «e  me;  ' 
acccleratiii^  oUiCi  sloctron  uccolcrating  chscr.1 
iS'ure  2,  there  are  t«o  solutions  possible,  • 
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The  first  solution  is  the  ao-called  series  connection, 
where  we  «*lntein  the  volumes  so  the!  the  velocities  of  the 
ions  end  electrons  axe  praetlcell;-  identical.  We  may  asaln 
nei'leet  the  electron  perllclp.''tlon  in  the  drive  power;  nnd  Uiu: , 
we 

Rg  ■  n^.A.w^ 

I2.0k%  .  1030  watt.  (16: 


If  tho  eccaleratlnG  apparatus  is  of  parallel  connection, 
then  the  power  Is  jjlvon  by  the  following  formula  t 

^*p  "  ,w^ 

03rrT  io3o  wst*.  (17) 


Tills  foraula  appears  to  prove  that  we  have  a  bigger 
'  (twice  as  nuoh)  drive  power  in  this  cast.  This  la,  however,  a 
I  false  coDcluaion,  because  in  this  case  the  accelerating  voltage 
I  of  the  eleotrona  ahould  be  increaaed  to  an  extraordinaxy  extent. 
Since  the  aocelerating  voltage  determlnea  mainly  the  electrical 
power  requirement  of  the  accelorating  apparatus,  we  quickly 
!  arrive  at  an  economical  llaitation.  According  to  present  day 
;  investigations,  the  serits  connection  proves  better  in  every 
ease. 

j  5)  More  Important  Relationships  for  the  Ion  Rocket 

Engine 

From  the  above  discussed  relationships,  we  can  derive 
,  the  calculation  charaoteristics,  by  means  of  which  the  ion  roclcot 
:* engine  say  be  ooopared  to  the  classical  rocket,  and  some  tech> 

I  nical  design  data  may  be  established.  When  the  most  Impohtaht 
I  charaoteristics  are  investigated,  the  following  data  may  be 
1  defined: 

a)  specific  power  referred  to  unit  weight  of  the  (entire) 
rocket, 

b)  specific  thrust  determined  by  the  maximum  reaction 

'  force  resulting  freo  1  kw  input  power. 
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c)  »p«olflc  pro^«ll*nt  coni  ireptlon 

d)  ip^oLflo  li. pc]8«,  that  la,  thrust  •txpraasftd  In  kp, 
M^loh  1*  ({uln^d  fro*  oonounptlon  of  k  kp/s^c  prc- 
pelLant, 


I  •)  nass  rntio,  etc. 

All  th«3»  ch«r*ot«rlstloc  ar^  In  fact  defined  by  th* 
factors  aa  foUovai 

a)  th«  waight  of  the  rockat 

b)  tiiO  ipaolfio  thrust  cf  tho  rockat  (thrust  par  welj;ht 
or  thrust  par  aasa,  ranp^^ctlvely ) 

I 

[  o)  tha  acoalarating  potontial 

I  d)  tha  atmlo  weight  of  the  propellant  as  quantltatire 

I  oharaotarlstle  of  the  substance. 

! 

j  Whan  va  look  for  analogy  with  tha  claseical  obeaioal 

I  rockata,  wa  flisi  that  the  aooelarating  voltaga  approxiaately 
'  corraapanda  with  tha  taaparatura  in  tha  angina  and  tha  atonic 
I  weight  with  praesora  in  tha  eoAhuatlon  araa  of  tha  angina. 

I  First,  lat  os  axprass  tha  powar  of  tha  propelling  strean 

in  tarns  of  aasa,  aeoalaration,  anJ  discharge  ralocityt 


^  M  a  wj^  ,  10-7  watt,  (18) 

Wa  ean  again  bare  naglact  the  power  of  the  electron  our. 
rent  or,  in  case  of  detail  analysis,  wa  may  take  it  into  account 
by  putting  a  oorraotlon  term  into  the  power  expression  for  the 
ion. 

If  tha  weight  of  the  rocket  is 


1  G  -  M  .  g 

(19) 

{  and  the  acoeleratlng  thrust  is 

1 

j  P  ■  M  .  a, 

(20) 

•1 

j  then  obviously, 

i  5  •  f 

(21) 

I 


I 

i 

! 


■  14  - 


wh«r*  th«  latter  oo#fflel«nt  glr«8  the  ratio  between  the  effective 
aooeleratlon  and  g  (new  ve  refer  again  to  Point*  1  and  2). 

Taking  fenr.er  regulta  (including  factor  oc  )  into  account, 
ve  arrive  nt  fomulaa  (22)  and  23)  i 

a. w^, 10-7 

2  (22) 


where  the  power  ia  given  in  vatt/graia,  or 

§  hp/kp,  (23) 

^  2  .  73^ 

rospeotlvely,  where  the  apeoiflc  power  is  expreesed  in  hp/kp. 

The  sane  ratio  can  be  determined  by  meana  of  accelerating 
voltage,  nanely.  If  the  aaae  current  Is  flowing  through  both 
aoceleratlng  ohanbera  (In  case  of  aerlea  connection),  the  for. 
aulaa  will  be  aa  follows  i 


Proai  theoretical  Investigation  It  la  clear  that  ahould 
the  velocity  of  the  Iona  axul  electrons  be  the  same,  then  the 
oorreotlon  factor  Is  equal  to  one  and  the  power  to  weight  ratio 
la  ninlAua.  If  we  apply,  however,  the  aaae  accelerating  voltage 
in  both  ayetama,  thea  tha  power  to  weight  ratio  Is  double,  fur. 
*thermore,  only  the  rooket  with  series  connection  is  feasible. 
Ihls  alternative  is  the  more  favorable  one  from  operational  and 
other  viewpoints  It  ia  also  to  be  noted  that  in  case  of  a 
series  srrangeiaent,  the  currents  are  smaller;  thus,  the  perti. 
nent  iron  and  copper  losses  are  also  smaller. 

The  bigger  the  thrust  to  weight  ratio  Is,  the  bigger  the 
power  to  volght  ratio  will  be;  this  is  understandable,  since 
bigger  thrust  Is  achievable  only  at  the  expense  of  feeding  in 
greater  power.  Moreover,  the  square  root  of  the  ratio  of  the 
acceleration  voltage  to  propellant  atomic  weight  also  has  a 
part  in  the  above  equation;  with  other  data  on  propellants 
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tho’.ight  of  ^5  ijt-nerally  uieful  In  Ion  rockets,  this  la 

'•  'ur  !  ■  r-M  ' 


Tablo  3 


Some  Inportant  Charactarlstlcs  of  Ion  Rocket 
Propellants. 

Accelerating  voltage  Is  V  ■  12,000  V. 


Substance 

Atonic  weight,  A 

v/a 

A,  V/A 

ll/hcp 

A/kp 

Hydrogen  fn) 

TTooS 

12,000 

110 

620 

Cesium  (Cs) 

132.91 

90 

1265 

54 

Uranium  (U) 

238.17 

50.2 

1645 

41.4 

Sinoe,  In  confontlty  with  foraul*  (2U),  the  power  to 
■  weight  ratio  Is  proper tlohal  to  quotient  V/A,  It  Is  therefore, 
worthwhile  using  elsnento  of  header  atonic  weights  as  a  pro¬ 
pelling  substaaoe.  The  Ions  of  uranium  U.238  (In  slngle-lonlzeci 
state)  f,e.  ocruld  produce  theoretically  a  15.^  times  greater 
thrust  than  that  of  a  hydrogen  propellant. 

We  have  alreadbr  determined  the  value  of  the  thrust.  Now, 
using  the  terms  of  the  accelerating  power  and  the  accelerating 
voltage,  we  arrive  at  the  following  formula: 


P  -  14.39  .  N 


r 


dyn. 


(26) 


If  we  relate  the  thrust  to  the  unit  power  again,  the  form 
of  the  formula  becomes  clmpllfled  as  follows i 


.  and 


14.39 


clyn/W 


(27) 
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f  2^) 


•.•aclprcc.:.!  of  tlaii  sxpivssicn  .lo  lnter:2tlf*a 

Ujo,  wi:icc  it  .T-ndcr.T  ilv-  4Ui.r."i*v  of  po.:-r  in  wCitts  to  bo  ii^trc- 
ducoi  in  oi’drA'  to  achlr  *'-  cr.o  d/r*  or.i.  bp  tb'.'w;:;!.  Tit?  foriaula 
-..-ill  bo; 


^  .  rt 

r)  •"  w  #  wy , 


rt  i=  cl30  clea;-  frcii  thir  equilit:'  that  tho  power  con- 
suflipticii  Ir.crof.occ  vrlth  th^  increr.sliii  ratio  of  the  occeleretlng 
volta.;o  CO  tl;3  atonic  ’.reii'ht  of  tho  propella.it, 

7..i5  fact  ioado  ao  to  th?  conclusion  that  the  value  of 
■  tho  ‘.ccoloratln^  voltage  has  an  ecoi;si;iical  Jiaxi-nur.  which  would 
bo  havllcr  •..'o^’tirA'hile  to  oxst  sd. 

h's  ha.'s  earlier  derived  --  in  forsirilas  (1C)  and  (12)  — 
the  discharge  /elociti^s  of  tlic  ions  .ana  the  elccti’Oiis.  These 
nre: 


for  tlic  ion  streams  (Figure  3)»  sind 


or 


w. 


a  .  1C7 


595.1 


cm/ sec 


km/sec 


(12) 


for  oloctrons. 
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l\avy  to  d5torriiii*e  alic  the  output  ^lurroiit  of  tho  ic;* 
”OClCCt  SUbiii^*  CaiO  or  tiiO  scrips  CClUiOCtiOili  -il5  CUi’i'OHi. 

13  flOw-in^  throujli  both  the  lon-accsleratliij  and  the  ol'ictro:;- 
accsl»i'ati:iii  cl;a-:b-ors;  its  value  Is  obvioual;-' 


1*. 


•Vi  +V, 


foo> 


if  all  tUe  relatiti;:;  quaatitieo  are  substitute i  arid  th? 
5l3cti*on  acceleratir.j  clia.'.b:r  is  licgloctod,’  than  the  follon 

Ir^.roituula -.ic;-  l>c  ;wltt:'ri  for.  the  current  (iii  anporss): 


Xt 


C.C6r59  r 


If 


Tl'iC  abova  forjiula  is  to  be  sli^htl^'  .todifiod  If  the  velo¬ 
city  of  .tlio  Iciis  and  the  slectrcns  -ara  dlfferont. 

In  case  of  parallol  corinection,  the  aoceleratlns  cLviitcro 
requlro  twico  'as  t.uch  currant  and  power  aj  tlior?  of  scries 
connootloh*  .*t  the  sair.o  tiae,  however,  the  thrust  jaln  achieved 
bj  aoaas  of  the  alectrons’  Is  only  loO  part  of  the  thrust  of  tlie 
ion  strocBi. 

If  ;:c  oxanlne  the  ion  current  of  Uai  ton  roch.ct  online, 
then  froci  tlie  preceding  formulas  it  is  clear  that  for  a  siven 
thrust  the.  value  of  the  output  current  will  change  witji  an  order 
of  tfit»initudc  of  2,  when  uranlu;a  instead  of  li^'drogen  is  used  as 
propellant,  -t  the  same  tine,  tha  use  of  a  heavier ‘propelling  cub- 
stanCG  also  offers  significant  technical  advantages. 

-  Let  us  now  calculate  tl*e  propellant  consumption  per  second. 
To  do  so,  ^.*0  have  tc  laiow  partly  the  ion  current  and  partly*  tlie 
atomic  vrelght  .of  the  propellant,  .  llancly. 


% 


6.0248  .  IC^  .  e 


(34) 


secoj 


\  In  tills  foiviolai  a,  is  the  propellant  consumption  per 

_ (g/ceo,  maj^  be  kp^/oec),  ii'is  the  cun-ent  floudjig 

throSh  the  ion  chamber  (amperes;,  and  e  is  again  tlie  charge  of 
the  Sec'tron.  The  cohsuiaptlon  expressed  in  C03S  units  is  as 
follows:  •  .  *  • 
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•  * 


=  i.cj:  .  10-5  . 


If  we  return  to  the  values  of  the  take-off  v;eii;ht  and  the 
specific  acceleration  a^ain,  then  we  arrive  at  the  follov.lnj 
two  formulas: 


Oh 


Is 


7*2  •  10"7  •  P  i^l 3ftc, 

7.06  .  10-^^  luo  •  Jf"- 


(36) 

(3?) 


Jiftor  iCnowing  the  thrust  and  the  propellant  weight  con- 
sumod  per  second,  we  mai’  calculate  also  the  specific  l^.pulce 
of  the  propellant  of  the  ion  rocket  engine.  As  a  matter  of  fact, 
here  the  specific  impulse  of  not  cnl^  the  propelling  substance, 
but  that  of  the  entire  engine  is  in  question;  accordingly,  it 
characterizes  the  quality  of  the  vdiole  apparatus*  By  means  of 
the  formulas  derived  above,  we  may  write: 


Ill 


kpsec/kp* 


(32) 


Similarly  for  the  electrons. 


(39) 


*  which  maj'’  be  again  neglected* 

Ihe  above  formulas  make  it  clear  that  by  means  of  the 
ion  rocket  engine  a  very  significant  specific  impulse  can  be 
achieved  (the  reader  should  remember  the  ideal  value  Igp  -  400  sec 
of  the  best  chemical  propellants)*  If  tho  value  of  V/A  is  100 
(which  is  the  roughly-approximated  case  of  13  kw  of  accelerating 
voltage  \rtien  cesium  is  used  as  propellant),  then  the  specific 
Impulse  is  14,170  sec,,  ei;ormous  value*  If  it  were  possible  to 
Increase  furtiier  the  accelerating  voltage,  wo  may  got  even  larger 
values*  It  shall  be  noted,  however,  that  the  occurrent  technical 
difficulties  are  too  big,  lest  be  the  accelerating  voltage  of 
*15  kv  exceeded  (Figure  4). 
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in  .  a/ 

SpecJJ'lc  Accolorctlng  Voltage,V/A 
Figure  4« 

Specific  Impulse  versus  Specific  Accelerating 
Voltage*  Initial  Value  is  Auproxljiately  1400 
kpBec/kp.  (Greatest  cheniwil  Impulse  is  approx¬ 
imately  400  kpsoc/kp. 


Flgtire  3* 

Discharge  Velocity  of  Ions 
versus  Specific  Accelerating 
Voltage  (■accelerating  voltage/  ; 
atonic  wight).  Initial  Value 
Is  approxijiately  14  km/sec*  , 


Specific  Accelerating  Voltage,  V/A 
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The  current  flowing  through  the  Ion  chamber  Is  extraor- 
dlnarlly  lartre.  It  is  of  an  order  of  magnltud3  of  thousands, 
evan  ton  tliousands,  of  tmporesj  correspondingly,  the  roqulrod 
electrical  pover  (the  product  of  current  and  accelerating  voltage) 
can  be  expreaied  only  In  megawatte.  This  Is  one  of  the  funda- 
;  mental  problems  in  technically  reolialng  the  Ion  rocket. 

By  means  of  certain  simplifying  assumptions  mainly 
aiming  at  the  formation  of  aeceleratlns  electrodes,  uniformity 
I  of  their  fields,  etc,,  the  density  of  the  particle  current  may 
,  be  given  as  follows i 


Here  is  tlua  current  density  (amp/cm^)  e  and  are  thr  charge 
I  and  the  mass  of  the  particle,  respectively}  V  is  the  accelerating 
voltage  (volt),  and  d  is  the  distance  between  accelerating  elec- 
*  trodes.  After  introducing  the  quotient  V/a  again,  the  fom.ula 
'  for  current  density  will  be  of  the  following  form: 


0.547 


10-7  d2 


A/cm^, 


(41) 


The  quotient  of  the  ion  current  and  the  ion  current  den> 
i  sity  gives  the  oross^seotion  of  the  ion  chamber: 


1 


I 

( 


0.127  .  10-7 


2 


cm* 


(42) 


Slsdlarly,  ve  car.  determine  also  the  current  density 
of  the  eleotron-aooelerating  chamber  and  the  oi*oss- section  ratio 
I  for  the  two  ohambars. 

I  We  must  also  mention  the  structutal  difficulties:  we  can 

!  not  give  the  accelerating  electrodes  the  shape  of  a  flat ‘plate, 

'  but  that  of  a  ring  screen.  This  has  its  own  difficulties,  since 
!  In  the  case  of  extraordinarily  big  currents,  the  electromechnni- 
i  cal  destructive  effects  of  the  particles  colliding  with  the 
'  screen  la  unimaginably  big.  In  addltlop,  there  is  also  extremely 
great  heat  caused  by  ,the  collision. 

,  from  formula  (42)  it  is  clear  that  the  quotient  V/d, 

;  that. Is,  the  intensity  of  the  electric  field,  will  also  influence 
’  the  strooture  of  the  Ion  obamber.’  The  aim  is  to  increase  the 
;  electric  field  to  the  limit  of  feasibility.  It  should  be  added 
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that  in  the  electron  acctlsratlc^  chamber,  we  may  have  electrode 
distances  significantly  ahortaiP  than  those  of  the  ion  acceler¬ 
ating  chnaber}  thus,  by  taking  all  the  previous  relationships 
into  oonsideration  it  is  possible  to  have  dimensions  of  the  same 
order  of  magnitude  for  tJie  electron.acoelorating  chamber,  as 
veil  as  the  Ion  aceeleratinf;  chamber. 

6)  Scae  Praotloal  Tata.  | 

I 

The  Ian  rocket  engines  have  been  worked  on  for  approxi¬ 
mately  a  decade*  Since  —  in  conformity  with  the  thoughts 
diaouased  hereunto  —  the  theoretical  background  of  these  pro- 
t>elling  engines  may  be  clarified  by  not  too  complioated  relation¬ 
ships,  the  flTit  experdmenta  have  been  recently  performed. 

It  is  unfortunate  that  the  rest^lts  of  the  exporiments 
performed  on  ion  propelling  engines  are  —  though  understandably  — 
still  kept  in  secrecy* 

In  spite  cf  the  fact  that  the  ion  rocket  engines  are 
in  all  probability  unsuitable  to  perform  military  tasks,  tl^e 
corresponding  development  in  the  USA  is  financed  entirely  by 
the  military  budget*  In  the  Soviet  Union,  the  investigation  of 
the  quectleta  ie  reeognlted  as  part^  a  fusdsnental  research 
nnttir,  but;  it  is  ebrious  that  it  does  not  intend  to  issue  de¬ 
tailed  Ixifermatien  until  all  the  international  legal  problems 
of  space  research  are  adequately  solved* 

It  is  knevn  that  ezperdmental  ion  rocket  engines  producing 
0*5  -  1*0  kg  thmst  are  already  operating  In  laboratories.  They 
rsqulrc  a  oonslderable  amexmt  of  electrical  povert  thus,  the  prob¬ 
lems  pertaining  to  the  investigations  are  aalnly  represented  by 
intrc^alag  electrical  energy*  consuming  it,  etc*  / 

tfe  also  should  not  forget  the  fact  that  maintenance  and 
control  over  the  Mlotivoly  high  Cl2-15kv)  accelerating  voltages 
and  the  hundredo  of  amperes  pertinent  to  the  above  thrust 
values  is  a  fairly  cmaplex  tasks  requiring  special  equipment 
generally  sinilar  to  that  employed  in  short-circuit  investiga¬ 
tions  of  high  voltage  sy  a  terns.. 

The  essential  requirement  for  the  propelling  engine  is 
stAble*  eentinuouf  operation.  This  la,  however,  dependent  t>  a 
large  extent  ea  the  accelerating  voltage.  In  case  of  a  lov 
accelerating  relthge*  'the  current  of  the  Imi  stream  is  relatively 
small,  and  a  eohsiderable  aomber  of  the  ions  suffer  collision. 
Propo^enal  to  the  inoreaeing  vol^gr,  the  current  also  inerea- 
siea  and  soon  reaohea  the  limit  value  established  by  the  capacity 
of  the  len  seforee*  The  biggest  current  nay  be  meaaured  at  appro, 
xiaately  5|000  7  aeoelerating  voltage.  By  further  increasing 
the  veltago,  the  current  tends  to  decrease  and  has  its  minimum 


at  approximately  12,CC0  V.  loine-uhat  hls>‘ii:r  volUge;:.  than  this 
shr/iixi  Le  malntaliisd  for  stablo  operatlor.,  vhoroby  the  cn-^rGnt 
la  3.ccoptably  aTiall.  ThiO  latter  cao  be  furthior  decreased  by 
adequately  shielding  and  cocliny  the  aoceleratin.';;  electrodes. 

In  addition,  the  eloctrodas  should  1'^  r;o  Iceatod  that  -^l.e  dl- 
'/orgefice  of  the  cuLflcv/iny  ion  rtrea.',  is  the  smaller,  tl.ere'oy, 
the  da:na^.;lng  collision  losaoE  are  prevented.  FrOT  this  point 
of  vi,ew,  the  ion  strem  stronrily  resersbles  th*^  outflov;lng  fluid 
strosm  at  the  discharge  orifice  of  the  classical  chemical  rocket. 

VJe  know  about  one  datum  reported  on  the  value  of  tl.e 
accelej’utlnc  elrctric  fiold  Intensltyt  the  mlnlmix'n  .',llc:’:abla 
value  is  3  •  V/cm. 

V/o  ma;'’  re.^ard  th"  following  data  as  the  most  Import  ant 
three  characteristics  of  the  ion  rocket  engine: 

1)  Ihe  ratio  of  the  accclera+ir.g  •'■oltage  to  the 
effoctlviB  atomic  weight  (may  be  molecular 
veight)  of  the  propelling  substance;  that  is 
the  quotient  V/A; 

2)  The  entire  weight  of  the  ion  rocket,  Mq  or  2^ 
respectively; 

3)  Finally,  tge  ratio  between  1.*^  thrust  and  the  rocket 
trelght. 

The  design  datum  on  latter  factor  Is  around  10“3,  pre¬ 
ferably  10-^, 

The  moat  practical  propellant  may  be  cesl'jun,  nibidiam, 
and  perhaps  uranium.  Although  Ir.fcmatlon  thus  far  reported 
deals  exclusively  with  cesium  (which  seems  to  be  justified  even 
by  the  relatively  small  ionization  potentiel  of  this  metal), 
the  investigation  may  not  exclude  f.e.  the  mercury,  or  the  uranium; 
it  would  be  worthwhile  to  also  examind  other  similar  metals. 

llie  actual  design  of  the  ion  rocket  engine  —  like  any 
technical  task  —  leads  to  a  search  for  conpromlse,  VJe  have  tc 
find  the  most  practical  and  favorable  ratio  between  the  voltage 
accelerating  tne  propellant,  the  thrust;  and  the  weight  of  the 
whole  mechanlso,  ITiereby  we  may  have  opti-.um  conditions .  for  the 
specific  power,  the  dirensiors,  the  weight,  the  operating 
time,  We  can  derive  useful  relationships  by  utilizing  the  for¬ 
mulas  of  classical  rocket  mechanics,  since  we  know  that  ttw: 
velocity  char.ge  of  the  rocket  (with  gravitational  losses  nsg- 
legted)  may  be  given  by  the  sc-called  rocket  foiar.ula  of  relative¬ 
ly  simple  fom: 
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t 
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Av  »  V. 


’vh«n  expressing  In  cxponontlal  tema: 


AV 


W 


(43) 


(44) 


.wfc.cet  the  ratio  of  the  take-off  weight  to  the  weight  of  the 
empty  rookot,  whioh,  oan  be  expressed  means  of  the  specific 
;thnist  factor  <«(Bpeolfio  aoeeleratlon)  and  which  appeared 
; previously  in  ovj  dlaouaslon  many  tlmos  (the  ratio.  V/A  and  tho 
icporating  tine  t  of  the  ion  rocket  engine).  VJe  get  the  fcllcv^- 
titig  foraulAi  ■ 


V 


w 

"0 


i 


1-7.0^ 


(45) 


From  the  previous  f oncula  v;®  jiay  calculate  also  tho  opera¬ 
ting  time  of  the  ongli  '?.  This  will  vary  according  to  how  big 
a  apeelflo  thrust  is  required  (the  smaller  the  specific  thrust, 
the  longer  the  oj/^ratiag  tixne)j  furtheitiore,  it  is  lo/.rar  if  the 
a^ooelcratlng  voltage  is  increased.  Shorter  operating  tine  is 
nacossary,  however,  if  a  propellant  with  bigger  atomic  weight  is 
employed. 

From  our  previous  disoussion,  there  arises  one  basic 
px*obl8m,  whleb  is  not  answered  here.  However,  the  ion  rocket 
engine  mounted  on  a  rooket  will  be  feasible  o^  when  we  have 
s^icoeeded  in  finding  electrical  sources  with  adequately  large 
speolflo  powers.  Orly  by  means  of  such  power  sources  can  we 
satisfy  the  considerable  energy  requirement  of  the  ion  engine, 

t 

7)  Examples 


The  slgnlfloanoc  cf  the  application  of  the  ion  rocket 
I  engine  may  be  demonstrated  by  a  simple  example  accoi*dlng  to  Jloeckel, 
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Let  U3  cs3uno  that  wc  want  to  cond  a  ;pace  ahlp  with  ?  r.ct. 
in  it  for  an  exploration  of  Marc.  Ihe  weight  dictritution  of  thlc 
spaco  chip  would  be  ac  followci 

Cabin  and  itc  equipment  2C  t 

cquipnont  for  the  expedition 

(ii;cluding  auxiliai*:' 
roclcetc,  etc.)  25  t 

food,  oxygen,  etc.  (4.5  kg/porcon/ 

day) 

Total  9^  t 

If  vai'louc  propellants  are  nov.  crixuained,  then  the  start¬ 
ing  v/eight  of  the  apace  ship  with  useful  weight  of  90  t  will  be 
as  follows! 

1)  Using  a  oheuical  piopellant  (Isp  *  300  sec),  the 
initial  woight  is  3*0C0  t  if  the  rocket  structure  represents 
only  of  the  total  vreight. 

2)  Usirig  a  chemical  "super  propellant"  with  a  capacity 
of  Isp  B^O  sec,  the  initial  weight  of  a  rocket  of  clmilar 
structural  quality  is  900  t. 

3)  In  the  case  of  an  atomic-driven  thermal  rocket  with 
specific  Inpulse  Isp^SCO  sec  and  thrust  to  weight  ratio  »  1, 
the  initial  weight  of  tiie  rocket  is  ^00  t,  which  might  bo  de¬ 
creased  to  300  t  by  employing  gonoratoro  of  more  advanced  con¬ 
struction. 

4)  Using  an  ion  rocket  engine  v.»ith  specific  impulse  I^p 
^=10,000  sec,  the  initial  vrelght  decreases  to  180  t, 

We  shall  not  forget  that  first  xxe  have  to  have  the  space 
ship  somehow  orlitcd  avernd  the  3)rrth,  If  we  take  into  consider- 
atlcn  the  fact  th.-.t  for  puttlrg  1  kg  into  orbiting  in  tn  arti- 
ficA.'l  moon  tro.;',c'-trr:;  there  '  n  a  .7.'-20C  '.g  ca-vlor  rc'  kot  needed, 
then  we  can  sec  tiiut  the  weight  dcu’-case  -ohieved  hy  er.ployln  ; 
an  ion  roclcet  engine  might  enable  pu  tin;;  such  a  space  ship 
into  orbit.  Thus,  \:e  may  state  that  while  the  expedition  using 
a  cl.c.rical  rocket  is  unfeaslblo  according  to  the  present  ot:.ge 
of  tuclmlos,  usirg  an  ion  rochet  engine  already  approaches  reali¬ 
ty,. 
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/■“cndj  A-Ti'aJoctorj’  ccrrsction  of  the  artificial 
laoou,  B  -  Trajectory  nodification  of  the 
artificial  jTiOon,  C  -  Moon  rocket,  D  -  Mars 
rocket,  1  -  Jupiter  sounder,  F  -  Saturn 
sounder,  G  -  Interplanetary  reseai*ch  sounder. 
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/it  the  prosont  tirriC  only  the  fundor.ontal  rocearch 
Is  In  proiiross  In  comicctlon  with  Ion  rocket  onlines.  Tl;e  basic 
relationships  pro’/lously  dlocussed  may  bo  supplement ^d  to  a  con- 
slderablo  extent  and  further  dcvolop-sd  touard  solutions  w'/ilch 
arc  also  tcclniloally  more  or  less  roalistlc.  The  fex  data 
reported  hoi'cLcforo  penult  concluding  tint  tI;eoo  propellin:^ 
er^lncj  ir.ijht  really’  bccauS  useful  means  of  future  space  research. 
The  tluo  roquirerienta  of  rolat.:d  developr.ontal  work  are  to  be 
measured,  hon’ever,  rather  in  decades  than  years,  '.dth  special 
re3ard  to  pertinent  difficultios  of  technical,  metallurgical, 
cnerjctlcc.1,  and  other  natures. 


